To elucidate the precise roles of axial structures in the myogenic differentiation of the somite, we have examined the effects of the axial organs' precise spatial position during migration and differentiation of somitic cells by using in vivo transplantation of the neural tube and of the notochord directly into the paraxial mesoderm. Differentiation of myotomal cells was identified through the use of Quoxl antibody which recognizes specifically a quail homeoprotein Quoxl. We have demonstrated that both ectopic neural tube and notochord are able to influence the myogenesis in somites, but that the spatial position of axial organs and the degree of somite maturation at grafting time are decisive. At the level of the somites which were already formed and developmentally advanced (somites. III-VI), both neural tube and notochord promote myogenesis, and the promoting effect of notochord is more efficient than that of the neural tube. In the newly formed somites (I-II) and/or the segmental plate mesoderm, the notochord inhibits the myogenesis of somites, whereas the neural tube plays an evident myogenic promoting role. But the myogenic effect of the neural tube depends not only upon the stage of developing somites and presomitic mesoderm, but also on the developmental maturation of the neural tube. We have demonstrated that the myogenic effect of the rostra1 part of neural tube is stronger than that of its caudal part. This observation suggests that there is a gradient of myogenic effect along the rostrocaudal axis of the neural tube, which depends on the developmental maturation of neural tube, and that the generation of skeletal muscle during somitogenesis may be in relation with the rostrocaudal gradient of the capacity of the neural tube to stimulate myogenesis since somites are also distributed along an anteroposterior axis.
Introduction
It is generally considered that all skeletal muscles of the body in birds and mammals are derived from the somites (Chevallier et al., 1977) . Somites arise from the segmental plate mesoderm on each side of the neural tube according to a rostrocaudal gradient and represent the primitive metameric units of vertebrate embryos (Chevallier et al., 1977; Christ et al., 1977; Keynes and Stern, 1988) . Initially, somites consist of an epithelial ball of mesenchymal cells with no discernible morphological heterogeneity (Rugh, 1968) . The dorsal aspect of the somite forms the dermomyotome, which will differentiate into dermatome and myotome, and its ventral part will form the sclerotome (reviewed in Stern et al., 1988; Wachtler and Christ, 1992; Christ and Ordahl, 1995) . Temporally, it can be demonstrated that this stage of somitogenesis coincides with the migration of cells from somites into the body wall of the embryo. Since the somites are formed from the segmental plate mesoderm immediately lateral to the developing neural tube, the interactions between the axial structures (neural tube and notochord) and the paraxial mesoderm, during migration and differentiation of somitic cells, constitute an important problem of vertebrate embryo development.
It was demonstrated that the myogenic differentiation of the somites depends upon interactions with neighboring axial structures (Packard and Jacobson, 1976; Teillet and Le Douarin, 1983) . Removal of the neural tube and notochord at the level of the last formed somites and of the unsegmented plate results in the absence of myotome in adjacent somites (Strudel, 1955; Teillet and Le Douarin, 1983; Christ et al., 1992; Rong et al., 1992) . Either the neural tube or the notochord is able to promote myotome formation in vivo (Muchmore, 1951; Holtzer and Detwiler, 1953; Strudel, 1955; Rong et al., 1992) . Contrary to these observations, other experiments showed that an ectopic notochord inhibits myogenesis in somites, when it is implanted between the somite and the neural tube (Brand-Saberi et al., 1993; Pourquie et al., 1993) . It remains unclear why the notochord promotes myogenesis under some conditions and inhibits myogenesis under others.
Recently, interesting informations with regard to the neural tube/notochord influence on somite myogenesis have been obtained by using an in vitro tissue culture system. Organotypic explant cultures of chick somites or segmental plate mesoderm have shown that both neural tube and notochord are able to promote myogenesis in somites, whereas the neural tube, but not the notochord, is capable of promoting myogenesis in the segmental plate (Buffinger and Stockdale, 1994, 1995; Mtinsterberg and Lassar, 1995) . A more precise demonstration about position information was obtained by Stern and Hauschka (1995) using a culture system of a single somite. They showed that the neural tube is able to promote myogenesis in somites and in segmental plate mesoderm. Under the same conditions, the notochord promotes myogenesis in developmentally advanced somites (II-VIII), but not in the most recently formed somite (I) nor in the segmental plate mesoderm. Thus, there is a spatial position effect of the notochord on somite myogenesis.
The aim of the present work was to investigate the precise effects of spatial position of the axial structures during migration and differentiation of somitic cells using in vivo transplantation of the neural tube and of the notochord. Since a number of experiments have demonstrated that the effect of axial structures on somite myogenesis requires close proximity in vivo (Rong et al., 1992) and in vitro (Fan and Tessier-Lavigne, 1994; Stern and Hauschka, 1995) , we decided to graft an ectopic neural tube or notochord directly into the paraxial mesoderm. Differentiation of myotomal cells was identified through the use of an antiserum directed against the homeobox protein Quoxl which had been previously obtained (Xue et al., 1993) .
In this paper, we demonstrate that both ectopic neural tube and notochord are able to influence the myogenesis of somites, but the spatial position of axial organs and the degree of somite maturation at grafting time are decisive, in particular for the notochord. When an ectopic notochord was grafted at the level of the somites which were already formed and developmentally advanced (somites III-VI), the notochord promoted myogenesis, whereas an ectopic notochord inhibited myogenesis in embryos when it was implanted into the newly formed somites (I-II) or into the segmental plate mesoderm. Whereas the neural tube plays an evident myogenic promoting role, the neural tube has graded myogenic ability along the anteroposterior axis, which depends on the developmental maturation of neural tube.
Results

Expression of Quoxl during myotomal myogenesis
Quoxl is a homeodomain-containing protein. Quoxlspecific antiserum recognizes a single protein of 47 X lo3 Mr which is principally expressed in the nervous system and the myotome (Xue et al., 1993) . To gain a more complete and detailed understanding of the temporo-spatial change of Quoxl expression during somite differentiation, the expression of Quoxl protein was analyzed in quail embryos of 20-to 28-somite stages. Quoxl is transiently expressed in all somitic cells without distinction prior to the differentiation of somites (Fig. 1A) . During somite differentiation, Quox 1 immunoreactivity presents a rostrocaudal gradient following the anteroposterior maturation of somites. This is illustrated in Fig. lB,C which shows the immunoreactivity on serial transverse sections of a 27-somite quail embryo. Through the rostra1 region, the somite is already mature and Quoxl protein is concentrated in the myotome (Fig. 1B) . The immature caudal somites still have a ball shape, with cells of an epithelial-like morphology surrounding a central coelomic cavity and no clear myotome compartment is yet formed. Quoxl protein is already accumulated in the dorsomedial zone of the somite adjacent to the neural tube; from there the cells will migrate under the dermomyotome to form the myotome (Fig. 1C) . Quoxl immunoreactive cells extend lateroventrally following the movement of the somitic cells that are going to form the dermomyotome.
When the somites are subdivided into dermatome, myotome and sclerotome, the Quoxl immunoreactive cells are restricted to the myotome (Fig.  1D ). This is confirmed on similar sections of the same embryo using another avian muscle marker, mAb 13F4 (Fig. 1E ).
Eflects of an ectopic neural tube on myogenesis of somites
In order to understand the specific influences of the neural tube and of the notochord on muscle differentiation in early somites and presomitic mesoderm, we have grafted axial organs into the paraxial mesoderm at 11 to 15 somite stage. Quoxl protein was used as a marker of myotomal cells in these experiments.
The myogenic effect of the neural tube on somite differentiation was confirmed in our experiments; however, we have found that the influence of neural tube on myogenesis depends both on the maturation of the recipient somites and on the axial level from which the neural tube was excised in the donor embryo. When the neural tube was implanted at the level of the somites which were already formed and developmentally advanced (somites III-VI), the result was principally a disturbance of the spatial distribution of myotome, but a slight promoting effect on myogenesis was also observed in some embryos (four cases among seven embryos analyzed) ( Fig. 2A) . The supplementary neural tube segments excised from anterior or posterior regions of the embryo did not play an evident role in promoting ectopic development of myotome in somites already containing cells committed to myogenesis, when the host axial structures were in place. In contrast, a myogenic effect was clearly observed when the neural tube was grafted at the level of recently formed somites (I-II) and of the segmental plate mesoderm. On the operated side, the total myotomal mass was considerably greater than that on the contralateral side (Fig.  2&C ). This was particularly the case when the grafted neural tube was excised from the rostra1 region (four ante riormost somites) (Fig. 2C) . The size of myotome on the operated side was on average four times greater than that on the contralateral side (data not shown). Anatomically, this enlarged myotomal mass consists of three partially independent myotomes. The first one lies on one border of the grafted neural tube. The second one seems to fuse with the normal host myotome on the implanted side of the host neural tube. The third myotome lies on the other border of the graft. In many cases, the different portions of the myotome usually merged and formed a myotomal septum that was located dorsolaterally around the grafted neural tube. Thus, the implantation of an additional neural tube into paraxial mesoderm led to the formation of an ectopic axial system. The detailed architecture of this secondary spinal column was normal. The presence of well developed ectopic spinal ganglia (data not shown) indicates that neural crest cells were included in the graft. 
Effects of an extra notochord on myogenesis in somites
The effect of an additional notochord on myogenesis was examined with the same strategy as used for the neural tube. Our experiments showed that the influence of a second notochord grafted into paraxial mesoderm was not dependent on the axial level of origin of the grafted notochord, but depended upon the place where the notochord was implanted. When the graft occupied a ventral position in the somite, no effect of the notochord on muscle differentiation was detected. The myotome developed normally on the operated side, but the ventral migration of myotomal cells was perturbed (Fig. 3A) . In this case, the ectopic notochord was at a relatively large distance from the presumptive myotomal cells. In embryos where the notochord was placed in a more dorsolateral position at the level of the somites III-VI, two effects were observed on the side of implantation: the disturbance of lateroventral migration of myotomal cells and a promoting effect on myogenesis (Fig. 3B) . The size of the myotome on the operated side was on an average 4.5 times greater than that on the contralateral side (data not shown). This result was confirmed by using another muscle-specific marker, mAbl3F4 (data not shown). In contrast, the effect of an extra notochord was rather an inhibition of myogenesis in embryos in which the graft was implanted into newly formed somites (I-II) and segmental plate mesoderm. In that case, the myotome was completely absent and Quoxl expression was not detected any more on the side of the implant (Fig. 3C) . However, somite segmentation proceeded normally at the level of the graft. A transition between total inhibition of myogenesis and myogenic promotion was observed be-tween somites II and III (Fig. 3D) . In this transition region, the ventrolateral half of the myotome was absent, but the dorsolateral half was still under myogenic influence. This part of myotome was larger than that of the contralateral side. This result was confirmed by transplanting an ectopic notochord at the level of somites I-IV.
3. Discussion 3.1. Quox-1 is one of the earliest molecular markers of somitic myogenesis
Quoxl is considered as a particular member of the class I homeobox gene family. In spite of the fact that Quox 1 homeodomain presents high similarities with mouse Hox A7 and Drosophila An@. (100% and 98%, respectively), the 3' part of the molecule downstream of homeodomain is very different from all Hox genes so far described (Xue et al., 1991) . Furthermore, high levels of Quoxl expression are described in the forebrain and midbrain during early neurogenesis, whereas the anterior boundary of expression of all Hox genes of vertebrates is limited to the level of hindbrain or spinal cord (reviewed in Krumlauf, 1994) . In addition, our previous studies have shown that Quoxl is preferentially expressed in the myotome of developing somites, whereas most Hox gene activity is detected in the sclerotome (Dony and Gruss, 1987; Holland and Hogan, 1988; DollC and Duboule, 1989; Xue et al., 1993) . The experiments reported here confirm and extend our previous report concerning the spatial and temporal pattern of expression of the Quoxl protein during myogenesis of somites. The expression of Quoxl protein is first detected in all somitic cells just prior to the beginning of somite differentiation. When somite differentiation starts, the Quoxl immunoreactivity is progressively restricted to myogenic precursor cells and subsequently to the dermomyotome. After sclerotomedermomyotome dichotomy, Quox 1 expression becomes restricted to the myotome.
The early appearance of Quoxl protein in the somites suggests that it may be involved in muscle cell determination, prior to the activation of myogenic differentiation in vivo. We have never detected any Quoxl expression prior to segmentation of somites from the paraxial mesoderm (data not shown). Quox 1 can thus be considered as one of the earliest markers of myotome cells. Since Quoxl is also expressed in the nervous system, it cannot be considered exclusively as a skeletal muscle marker. In addition, Quoxl is not the only homeobox-containing gene which has been implicated in the myogenic program during somite myogenesis. Several members of different classes of homeoboxcontaining genes, including En-l and -2 genes (Hatta et al., 1990; Davis et al., 1991) and Pux-7 and Pax-3 of the Pax gene family (Jostes et al., 1990; Bober et al., 1994; Goulding et al., 1994; Williams and Ordahl, 1994) are also expressed in the dermomyotome and subsequently in the myotome. The potential role of Quoxl in the determination events that lead an uncommitted embryonic mesodermal precursor cell to become committed to myogenic differentiation, remains to be defined.
Recently, Ordahl and Le Douarin (1992) have shown that there are two muscle precursor populations in newly formed somites. The precursor cells of myotome (axial or back muscles) arise exclusively from the medial half of the somite, while the precursors of limb muscle arise exclusively from the lateral half of the somite. The early expression of Quoxl is seen not only in the somites and the myotome; it is also transiently detected in the developing limb buds (Xue et al., 1993 ; and data not shown). These results show that anti-Quox-1 antibody recognizes both medial and lateral myotomal precursor lineages during the early differentiation of somites.
Role of the axial organs in the difSerentiation of muscle cells from somites
In this paper, our experiments reveal two main facts.
(1) The role of both neural tube and notochord in developmentally advanced somites (III-VI) is myogenic promotion, and the promoting effect of notochord is more efficient than that of the neural tube (Fig. 3) . The myogenie effect of the notochord requires close proximity of presumptive myotomal cells with the notochord. (2) In the newly formed somites (I-II) and/or the segmental plate mesoderm, the notochord inhibits the myogenesis of somites, whereas the neural tube plays an evident myogenie promoting role. The myogenic effect of the rostra1 part of neural tube is stronger than that of its caudal part (Fig. 3) .
The evidence that the neural tube is able to directly promote skeletal muscle differentiation, in developing somites and presomitic mesoderm, has been documented by in vivo studies (Holtzer and Detwiler, 1953; Rong et al., 1992; Spence et al, 1996) and also by in vitro experiments (Vivarelli and Cossu, 1986; Kenny-Mobbs and Thorogood, 1987; Rong et al., 1992; Buffinger and Stockdale, 1994, 1995; Stern and Hauschka, 1995; Cossu et al., 1996) . Our finding that the capacity of the neural tube to promote myogenesis, at early developmental stages, is not homogeneously distributed along the anteroposterior axis is reported here for the first time. The evidence that somites exist a rostrocauda1 gradient of maturity with respect to muscle development has been shown by in situ hybridization of quail homologs of myoD, myogenin and myf 5 (Pownall and Emerson, 1992) and by chick whole mount myosin staining (Holtzer et al, 1957; Stern and Hauschka, 1995) . It is also clear from the in vitro studies of Stern and Hauschka (1995) that the most rostra1 regions of neural tube retain its inductive properties although the surround-ing somites already contain committed myogenic cells. The neural tube is not only necessary for the initial myogenie commitment of a subpopulation of somite cells, but also required for continued induction of somite myogenesis (Stern and Hauschka, 1995) . Our experiments strongly suggest that the neural tube has graded myogenic ability along the rostrocaudal axis, which depends on the developmental maturation of neural tube.
Previous observations with regard to the effect of notochord on somite myogenesis seem disparate. The key problem is closely linked to the spatial position of the notochord, relative to developing somites. Our experiments clearly demonstrate that the role of notochord during somite differentiation depends on the maturation state of the somites. Recently, two groups have demonstrated, by using in vitro tissue culture systems, that the myogenic effect of the notochord is dependent on the maturation of somites (somites II or older) and the notochord cannot induce myogenesis in presegmental mesoderm (Buffinger and Stockdale, 1994; Stern and Hauschka, 1995 ). There appears to be no inhibitory effect of the notochord in these systems. The results of Stern and Hauschka (1995) concerning the limited level of the myogenic effect of notochord is different from our finding where the notochord promotes myogenesis in somites III or more developmentally advanced somites, and inhibits myogenesis in newly formed somites (I-II) and/or presegmented mesoderm. We found, furthermore, that there is a transient region between total inhibition and myogenic promotion by the notochord in vivo between somites II and III. Pourquit et al. (1993) have reported that the inhibitory effect of notochord is limited to the border between segmented and unsegmented mesoderm, by grafting an additional notochord between the neural tube and the paraxial mesoderm. This difference may arise from the fact that in their experiments, the extra notochord, when it is nearly placed in the lateral side of host neural tube, obstructs probably the myogenic effect of the host neural tube.
Our observation that myotomal cells disappear in the newly formed somites and/or presomitic mesoderm in response to the signal of notochord, together with the results of other grafting experiments in vivo (BrandSaberi et al., 1993; Pourquii et al., 1993) demonstrate that signals from the notochord can alter the progenitor cells of myotome and influence their subsequent pathway of differentiation.
It was reported that these altered myotomal progenitor cells are able to convert into cartilaginous cells in response to the influence of notochord (Brand-Saberi et al., 1993; PourquiC et al., 1993; Bober et al., 1994; Goulding et al., 1994) , whereas it was demonstrated that following notochord removal, the somites lack a sclerotome, but do form a myotome (van Straaten and Hekking, 199 1; Goulding et al., 1994) . These experiments strongly suggest that the differentiation of the sclerotome requires the presence of the notochord. Recent studies reveal that Sonic hedgehog produced by the notochord and the floor plate at a correct time is able to induce sclerotome formation (Johnson et al., 1994; Fan and Tessier-Lavigne, 1994) . However, ectopically expressed Sonic hedgehog alone in the dorsal somite results in the expansion of the myotome rather than the repression of myogenesis (Johnson et al., 1994) . It is unclear why the notochord plays, during somite myogenesis, a promoting role in developmentally older somites and an inhibitory role in newly formed somites and presomitic mesoderm. It was demonstrated that the different precursor lineages of the somite are derived from distinct lineages established at the time of gastrulation and segregated in the segmental plate prior to somite formation (Krenn et al., 1988; Choi et al., 1989) . However, cell fate within the newly formed somite is still able to respond to extrinsic information.
Soon after segmentation, somitic cells are irreversibly committed to particular lineages (Aoyama and Asamoto, 1988; Stern et al., 1988; Christ et al., 1992; Ordahl and Le Douarin, 1992) . Combining these observations and the results reported in this paper, we propose the following model: (1) the neural tube is responsible for myotomal progenitor development in early somite differentiation; (2) in newly formed somites the notochord is responsible for sclerotomal progenitor development, while concomitantly playing a negative role on myotomal progenitor development in the adjacent zone. At a later stage, the cell fate of the somite becomes irreversible; then the notochord can no longer inhibit the development of myotomal cells, but in addition to the neural tube, can promote the development of myotomal cells. Therefore, the specification of somitic cells into myotome or sclerotome results from the combined actions of the neural tube and of the notochord. The antagonism between neural tube and notochord insures somitic polarity. Further work will be necessary to comprehensively determine the time course of the competitive actions of the neural tube and notochord in early somite differentiation, the precise role of neural tube on sclerotome differentiation, and to establish whether the notochord is able to promote, at the same time, the development of both myotomal and sclerotomal cells in later developmental stages.
Materials and methods
The experiments reported here were performed using quail (Cotunix cotunix japonica) embryos from commercial sources which were incubated at 37 + 1°C in a humidified atmosphere. The embryos were staged up to E3 by the number of somite pairs.
I. Microsurgery
Microsurgery was realized in ovo at stages ranging from 11 to 15 somites. According to the staging system of Ordahl (1993) we refer to the most recently formed somite as Roman numeral I, the next youngest somite as somite II, and the somite number increases by one for each somite more rostral in position,
The transplantation of the graft was performed over a length corresponding to about four somites at the level ranging from somites III-VI, I-IV or from the last two somites formed and the unsegmented plate (Fig. 4a,b or  d) . The neural tube and notochord for graft were taken from donor embryos at the level ranging from the four anteriormost somites or from somites I-II and the unsegmented plate (Fig. 4b or c) . Axial organs were excised using microscalpels according to the technique described by Teillet and Le Douarin (1983) . The neural tube was separated from the somitic mesenchyme. Then the neural tube and notochord were removed by aspiration using a micropipette. After separating them from each other using 20% pancreatin (Gibco) in Tyrode saline solution, either the neural tube (n > 30) or the notochord (n > 30) was grafted into a longitudinal groove made with a microscalpel in the paraxial mesoderm (Fig. 5) .
After operation, the quail eggs were closed with Sealing tape (3M) and incubated at 37°C for 2-3 days.
Immunocytochemistry
Normal embryos from E2 to E4 and operated embryos from E4 to E5 stages were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), embedded in paraffin and serially sectioned. They were analyzed by immunocytochemistry using Quoxl antiserum (Xue et al., 1993) or 13F4 mAb (undiluted hybridoma supernatant; Rong et al., 1987) to identify muscle cells. The control experiments were performed with a pre-immune serum from the same animal which produced anti-Quox 1 antiserum. Immunocytochemistry was done as described previously (Xue et al., 1993) . The size of the myotomes was evaluated on serial sections at a microscopic magnification of 40X using a morphometric grid.
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